We measured noninvasively step velocities of elementary two-dimensional (2D) islands on {110} faces of tetragonal lysozyme crystals, under various supersaturations, by laser confocal microscopy combined with differential interference contrast microscopy. We studied the correlation between the effects of protein impurities on the growth of elementary steps and their adsorption sites on a crystal surface, using three kinds of proteins: fluorescent-labeled lysozyme (F-lysozyme), covalently bonded dimers of lysozyme (dimer), and a 18 kDa polypeptide (18 kDa). These three protein impurities suppressed the advancement of the steps. However, they exhibited different supersaturation dependencies of the suppression of the step velocities. To clarify the cause of this difference, we observed in situ the adsorption sites of individual molecules of F-lysozyme and fluorescent-labeled dimer (F-dimer) on the crystal surface by single-molecule visualization. We found that F-lysozyme adsorbed preferentially on steps (i.e., kinks), whereas F-dimer adsorbed randomly on terraces. Taking into account the different adsorption sites of F-lysozyme and F-dimer, we could successfully explain the different effects of the impurities on the step velocities. These observations strongly suggest that 18 kDa also adsorbs randomly on terraces. Seikagaku lysozyme exhibited a complex effect that could not alone be explained by the two major impurities (dimer and 18 kDa) present in Seikagaku lysozyme, indicating that trace amounts of other impurities significantly affect the step advancement.
Introduction
To understand the possible factors affecting the quality of protein crystals, it is indispensable to clarify the effects of impurities, since impurities can significantly affect the growth kinetics, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] morphology, [12] [13] [14] [15] lattice disorder, 16 and hence quality of protein crystals. [17] [18] [19] [20] [21] [22] [23] [24] Generally, impurities are considered to exhibit their effects on the growth process after they adsorb on a crystal surface. Thus, to fully comprehend the mechanisms of impurity effects, one has to observe in situ both (1) dynamics of elementary steps and (2) adsorption of impure molecules on a crystal surface, at a molecular level.
To our knowledge, only a few such observations were made so far. By atomic force microscopy (AFM), Nakada and coworkers 9 observed elementary growth steps and individual molecules of covalently bonded dimer of lysozyme (hereafter dimer) at the same time, on a {101} face of a tetragonal lysozyme crystal. They were able to visualize dimer molecules absorbed on the crystal surface by AFM because of their bigger size compared to monomeric lysozyme molecules. They revealed that dimer molecules adsorb randomly on terraces and suppress the advancement of elementary growth steps. On surfaces of ferritin and apoferritin crystals, Yau and co-workers also succeeded in visualizing, by AFM, individual impure protein molecules with different molecular sizes. 25, 26 Although Yau and co-workers did not discuss impurity effects on step advancement, their works are excellent examples of visualization of impure molecules on a crystal surface.
However, to clarify the general picture of impurity effects, one has to visualize impurity molecules irrespective of the size of these molecules. For example, in the case of a protein impurity molecule whose molecular surface is slightly different from that of a solute protein molecule (e.g., fluorescent-labeled lysozyme: F-lysozyme), 5 the spatial resolution of AFM is not sufficient to distinguish these impurity molecules from the solute molecules. Therefore, to observe individual impurity molecules adsorbed on a crystal surface, a different methodology is necessary. To our knowledge, one of the most promising alternatives is single-molecule visualization by total internal reflection fluorescence microscopy, [27] [28] [29] [30] by which one can track the movement of individual molecules with a fluorescent label. Very recently, we succeeded in observing individual molecules of fluorescent-labeled lysozyme (F-lysozyme) at an interface between a solution and a lysozyme crystal, using single-molecule visualization of a thin-solution-layer type. 31, 32 We reported that strong interactions with the crystal surface significantly condense F-lysozyme molecules at the interface and make their diffusion 4-5 orders of magnitude slower than in a bulk solution. 31 In addition, we obtained direct evidence that the molecules are gradually immobilized on the crystal surface, and a certain induction period exists before the gradual immobilization starts. 32 To reveal impurity effects on the growth of a crystal, the response of step advancement to adsorbed impurities should also be measured in situ. To measure step velocity, we chose optical microscopy, since AFM disturbs the solute-depletion layer around a growing crystal in particular under high supersaturation range. 33 Several optical microscopy techniques, such as phase contrast microscopy, 10, 34, 35 laser confocal microscopy combined with differential interference contrast microscopy (LCM-DIM), 11, [36] [37] [38] and phase shift interferometry 39 are available to observe advancement of individual elementary growth steps on a growing protein crystal completely noninvasively. Dai and coworkers 32 very recently demonstrated that by using LCM-DIM and single-molecule visualization, steps and F-lysozyme molecules on a crystal surface can be visualized in the same field of view.
Thus, in this study, we used LCM-DIM and single-molecule visualization of the thin-solution-layer type, and simultaneously observed elementary growth steps on {110} faces and fluorescentlabeled protein molecules adsorbed on the {110} faces of tetragonal lysozyme crystals. First, we measured step velocities under the presence of various protein impurities to quantify the impurity effects on the dynamics of elementary growth steps. As protein impurities, we used F-lysozyme, dimer, and 18 kDa protein (the last two are major impurities of Seikagaku lysozyme). 40 Second, we used F-lysozyme and fluorescentlabeled dimer (F-dimer) for the observation of adsorption sites of these proteins on the crystal surface. From these in situ observations, we tried to clarify directly the relation between the effects of the protein impurities on the advancement of elementary steps and the adsorption sites of impurities on the crystal surface, for the first time.
Experimental Methods

Experimental Setup for in Situ
Observation. {110} faces of tetragonal lysozyme crystals were observed in situ by LCM-DIM and single-molecule visualization of the thin-solution-layer type. Figure  1a shows a schematic illustration of the experimental setup. A confocal system (FV300, Olympus) and a diagonal illumination system using an objective were constructed on an inverted optical microscope (IX70, Olympus). A 20× objective (LUCPlan Fl 20x, Olympus) and a super luminescent diode (Amonics Ltd., model ASLD68-050-B-FA: 680 nm), whose coherent length and full-width at half-maximum were about 10 µm and 23 nm, were used for LCM-DIM measurements of step velocities. The use of the super luminescent diode was beneficial for removing interference fringes from LCM-DIM images. A 60× oilimmersion objective (PlanApo 60xO TIRFM3, Olympus) was used for the observations of the adsorption sites of individual F-lysozyme and F-dimer molecules on the crystal surface. These fluorescent labeled molecules were illuminated with a 532 nm laser, and emission at g580 nm was recorded, at a frame rate of 100 ms, with an electron multiplying charge-coupled device camera (EM-CCD: DV887, Andor Technology). The 60× objective was used to observe the same field of view by LCM-DIM and single-molecule visualization.
Figure 1b presents a sectional view of an observation cell (1 × 10 × 20 mm 3 ) used for step velocity measurements. The observation cell was made of two glass plates of 0.17 mm thickness separated by 1 mm polystyrene spacers. The bold arrow in Figure 1b indicates the interface at which step velocities were measured by LCM-DIM. A sectional view of an observation cell (1 × 10 × 20 mm 3 ) for the singlemolecule visualization experiments is shown schematically in Figure  1c . A tetragonal lysozyme crystal was placed on 1 µm spacer beads adsorbed on a bottom glass plate. 31, 32 The solution-crystal interface (bold arrow in Figure 1c ) was illuminated by a laser beam tilted almost parallel to the crystal surface to avoid an increase in the background intensity of the fluorescent light. Other details of the observations are explained in our previous works. 11, 31, 32, 36, 37 
2.2.
Step Velocity Measurement and Adsorption Site Observation. Tetragonal crystals of model protein hen egg-white lysozyme were grown at 20.0 ( 0.1°C from a solution containing 70 mg/mL Seikagaku lysozyme (98.5% purity: 6× recrystallized, Seikagaku Co.), 25 mg/ mL NaCl, and 50 mM sodium acetate (pH 4.5) buffer. After the seed crystals were transferred to the observation cell (Figure 1b) , the solution inside the cell was replaced with a supersaturated solution of 99.99% pure lysozyme (Maruwa Food Industries, Inc.), and the seed crystals were incubated for 5-6 h until the surfaces of the seed crystals were covered with newly grown layers of 99.99% pure lysozyme. We did not grow crystals only using highly purified protein because this purified lysozyme sample was very expensive. Even so, these "mixed" crystals were considered "pure" for studying growth kinetics since crystal surfaces prepared in this way showed no significant impurity effect on two-dimensional (2D) nucleation kinetics. 11 Before starting the step velocity measurements, the solution inside the cell was replaced again with a 99.99% pure lysozyme solution containing a given concentration of an impure protein and was incubated for 24 h (no significant depletion of solute protein occurred during the incubation period). The observation cell was then set on a temperature-controlled stage with Peltier elements, and 2D islands formed on the {110} faces were observed by LCM-DIM. The temperature of the observation cell was changed at given time intervals to change the supersaturation of the lysozyme solution inside the cell: the accuracy of the temperature control was ( 0.1°C. The solubility was calculated from the data reported by Sazaki et al. 41 Step velocities V were represented as follows: 42 where Ω is the volume of one lysozyme molecule inside a tetragonal crystals () 3 × 10 -20 cm 3 ), 43 is the step kinetic coefficient, C is the bulk concentration of lysozyme and C e is the solubility at a given temperature. In our previous work, we have shown that eq 1 is a useful approximation for step velocities measured in the temperature range of 18-26°C (i.e., the step kinetic coefficient is constant for this temperature range). 44 Observations were carried out in the supersaturation range C-C e ) 0-45 mg/mL.
The observation cell used for single-molecule visualization of adsorption sites of F-lysozyme and F-dimer molecules (Figure 1c ) was prepared according to the recipe reported in our previous works. 31, 32 The lysozyme concentration used for these experiments was 27 mg/ mL, at which concentration the step velocity of elementary steps was negligibly small at 24.5°C (C e ≈ 27 mg/mL). Individual molecules of F-lysozyme and F-dimer (both used in a concentration of 0.1 nM) were observed in situ on {110} faces by single-molecule visualization, as reported previously. 31, 32 Before and after the single-molecule observation, the same field of view was observed by LCM-DIM to check that steps did not move significantly during the single-molecule observation. From the comparison between the images taken by LCM-DIM and single-molecule visualization, adsorption sites of F-lysozyme and F-dimer were determined.
Protein Impurities.
Three kinds of protein impurities were used for the step velocity measurements by LCM-DIM. One is fluorescent-labeled lysozyme (F-lysozyme), which was prepared according to the recipe reported by Matsui and co-workers. 5 Only the ε-amino group of the N-terminal lysine of hen egg-white lysozyme is specifically labeled with a fluorescent reagent, tetramethylrhodamine-5-isothiocyanate (5-TRITC, MW ) 443 g/mol, Molecular Probes T-1480), 5 by optimizing reaction conditions (details were described in our previous paper 5 ). The two other impurities are covalently bonded dimer of lysozyme (dimer) and a 18 kDa polypeptide (18 kDa), which were purchased from Maruwa Food Industries, Inc. Both dimer and 18 kDa are known as the major impurities present in Seikagaku lysozyme (identity of 18 kDa is still unclear). 40 Following the classification of impurity proteins proposed by McPherson, 45 Flysozyme and dimer are microheterogeneous impurities of lysozyme, and 18 kDa is a macroheterogeneous impurity. Also Seikagaku lysozyme (98.5% purity) was used for the measurements.
Step velocity measurements in the presence of protein impurities were carried out in the supersaturation range C-C e ) 0-31 mg/mL. Since stock solutions of protein impurities could not be concentrated because of aggregation, it was not possible to prepare a lysozyme solution with C-C e > 31 mg/mL and still keeping a certain relative concentration of impurity to lysozyme.
For single-molecule observations, dimer was also chemically labeled with 5-TRITC according to the same recipe 5 (hereafter fluorescentlabeled dimer is called F-dimer). In the case of F-dimer, the precise identification of the position at which 5-TRITC was labeled was difficult to achieve, because of the very limited amount of dimer available for the experiments, in addition to the unknown molecular structure of dimer. However, since a dimer molecule has twice the number of amino groups as a monomer and we used a dimer solution of the same proteinweight concentration (1/2 molar concentration) as the monomer solution, then it is reasonable to assume that one amino group of one dimer molecule was chemically modified with one fluorescent label. Since the available amount of 18 kDa was too small, no fluorescent-labeled 18 kDa molecules were prepared.
The purity level of the Maruwa sample (99.99%) was verified by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) with enhanced silver staining (detection limit e0.01%), and no trace of impurity (18 kDa or Dimer) could be found; also no significant shift was found in the purity level for storage times of several months at 4°C
. Impurity contents of the Seikagaku sample (98.5%) was also confirmed by SDS-PAGE: the Seikagaku sample contained 0.5% dimer and 1.0% 18 kDa, as reported by Thomas and co-workers. 
Results and Discussion
Impurity Effects on
Step Velocities. We observed in situ the impurity effects of F-lysozyme, dimer, 18 kDa, and impurities included in Seikagaku lysozyme (98.5% purity) on the morphology of elementary 2D islands on {110} faces of tetragonal lysozyme crystals by LCM-DIM. As shown in Figure  2 , 2D islands with elementary step height (5.6 nm) [46] [47] [48] could be clearly visualized by LCM-DIM. 11, 33, 36, 37, 44 The 2D islands formed in a 99.99% purity solution (Figure 2a ) are lens-shaped with sharp tips. This shape results from an intrinsic anisotropy in the step velocities, 〈001〉 being the slow direction and 〈110〉 the fast direction. [46] [47] [48] The ratio of fast to slow directions is ∼6. In contrast, the 2D islands exhibit rounded tips in solutions containing F-lysozyme, dimer, and 18 kDa added intentionally (Figure 2b -e) and in a Seikagaku lysozyme solution ( Figure  2f ). Their ratios of fast to slow directions (the ratios changed in the range of 3-5) become significantly smaller than that in the 99.99% purity solution. These results clearly indicate that the growth in the fast direction is more affected by impurities than that in the slow direction, as Dold and co-workers also reported. 10 In Figure 2 , 0.1 wt % F-lysozyme (b) shows weaker effects on the step morphology (less rounded 2D islands) than 0.5 wt % dimer (c) and 1.0 wt % 18 kDa (d), probably because of the lower impurity concentration: 0.1 wt % was the maximum concentration of F-lysozyme available in our experiments. In addition, the solution containing 0.5 wt % dimer and 1.0 wt % 18 kDa (e) presents stronger effects on the step morphology than that containing only 0.5 wt % dimer (c) or 1.0 wt % 18 kDa (d), because of the larger amount of protein impurities. However, note that Seikagaku lysozyme (f), which contains mainly 0.5 wt % dimer and 1.0 wt % 18 kDa as impurities, 40 shows significantly stronger effects (the ratio of fast to slow directions: ≈3) than the 99.99% purity lysozyme with intentionally added 0.5 wt % dimer and 1.0 wt % 18 kDa (e) (the ratio of fast to slow directions: ≈4). These results indicate that trace amounts of other impurities included in Seikagaku lysozyme 7, 40 play a significant role.
Since the growth of elementary 2D islands in the fast direction (〈110〉) is more affected by impurities than in the slow direction (〈001〉), as shown in Figure 2 , we measured step velocities in the fast direction (high kink density), with and without protein impurities under various supersaturations. Figure 3 presents changes in step velocity as a function of supersaturation. As shown in Figure 3 , even in the case of the 99.99% purity solution without any impurities added intentionally (solid squares), the step velocity vs supersaturation plot shows a slightly concave shape, in particular under a low supersaturation range. Since kink density of a 2D island in the fast direction is high, nucleation of kinks (one-dimensional nucleation) cannot be the rate-determining step of the growth process. Hence, the concave shape of the step velocity vs supersaturation plot is most likely due to impurities present in the purified solution (>99.99%). Vekilov and co-workers also observed impurity effects for a 99.99% pure lysozyme solution in forced flow experiments. 49 We reported previously that an impurity of 0.01 wt % significantly promotes heterogeneous 2D nucleation under a low supersaturation range.
11 Figure 3 also demonstrates that all three protein impurities decreased the step velocity, as well as the case of Seikagaku lysozyme. In Step velocities in 〈110〉 directions measured on {110} faces of tetragonal lysozyme crystals under various supersaturations and protein impurity concentrations by LCM-DIM. All crystals were grown from 99.99% purity lysozyme solutions of 40 mg/mL. Protein impurities added intentionally: (a) 0.01-0.1 wt % F-lysozyme, (b) 0.05-1.0 wt % dimer, (c) 0.1-1.0 wt % 18 kDa, and (d) 0.5 wt % dimer and 1.0 wt % 18 kDa. In (d), the result of Seikagaku lysozyme (98.5% purity) solutions of 40 mg/mL was also plotted. C is a solute concentration and C e the solubility. The data points were fitted using a local polynomial regression, Loess 50,51 (solid curves). Other growth conditions: 25 mg/mL NaCl, in 50 mM sodium acetate buffer (pH 4.5), at 18.0-26.0°C. particular, the suppression of the step velocity by 18 kDa and impurities included in the Seikagaku lysozyme (mainly 0.5% dimer and 1.0% 18 kDa) 40 are significant. With increasing impurity concentration, the suppression of the step velocity increased, and the shape of the plots became more concave.
Although the effects of dimer on the growth kinetics of {110} and {101} faces of tetragonal lysozyme crystals have already been reported, 9, 21, 24 to our knowledge this is the first study on the impurity effects of 18 kDa on the growth kinetics of tetragonal lysozyme crystals. In most of the previous studies of impurity effects on lysozyme crystals, attention was only paid to dimer. However, our results clearly show that attention should be also paid to 18 kDa.
Under the experimental conditions adopted in this study, the strongest suppression of the step velocity, that is, strongest impurity effect, was found for Seikagaku lysozyme (open circles in Figure 3d ). To simulate Seikagaku lysozyme we used 0.5 wt % dimer and 1.0 wt % 18 kDa together with 99.99% purity lysozyme. However, the suppression of this solution (open triangles) was not as strong as that observed for Seikagaku lysozyme. This result implies that trace amounts of other impuritie(s) present in Seikagaku lysozyme contribute to the stronger suppression of the step velocity.
To evaluate the effects of these protein impurities quantitatively, we calculated the ratios R of the step velocity in the 99.99% purity lysozyme solution, ν 99.99% , to the step velocities in the solutions containing impurities, V F-lysozyme , V dimer , V 18 kDa , and ν 98.5% at the same supersaturation. Thus, the ratio R corresponds to the amount of the suppression of the step velocity by impurities compared to the case of the 99.99% purity solution. When the value of the ratio R becomes unity, there is no suppression of the step velocity by impurities compared to that in the 99.99% purity solution. To calculate the ratio R, we fitted all the experimental data shown in Figure 3 with a local polynomial regression (Loess). 50, 51 The solid curves shown in Figure 3 demonstrate that the fitting curves represent well the supersaturation dependencies of the step velocities. Using the values obtained from the Loess fits, we calculated the ratio R at the same supersaturation (Figure 4 ). Since in Figure 3 the typical error in the step velocity measurement at one supersaturation was about 1% for 99.99% purity lysozyme solutions and 3% for Seikagaku lysozyme solutions (error bars fall inside of the symbols representing step velocities in Figure 3 ), the step velocity measurement was accurate enough. Hence, the error of the ratio R mainly came from the local polynomial regression. The error bars shown in Figure 4 were calculated from the standard error (90% statistical significance) coming from our fitting model and the propagation of errors.
As shown in Figure 4 , the value of the ratio R increased with increasing impurity concentration for all three protein impurities, showing stronger suppression of the step velocity with increasing impurity concentration. However, different protein impurities have different R values and also show different supersaturation dependencies of R. Taking into account the large error of the ratio R in the low supersaturation range (in particular, C-C e < 10 mg/mL), the differences in the values and shapes of the R vs supersaturation plots are still significant. In the case of F-lysozyme (Figure 4a) , the R vs supersaturation plot tends to show a plateau at low supersaturation; that is, the value of R does not show remarkable change taking into account large Figure 4 . Changes in the ratios R of the step velocity in a 99.99% purity solution, ν 99.99% , to those in the solutions containing impurity, V F-lysozyme , V dimer , V dimer , and ν 98.5% , as a function of supersaturation. R was calculated from the fitted curves shown in Figure 3 , and the errors were evaluated from the standard error (90% statistical significance) and the propagation of errors. All crystals were grown from 99.99% purity lysozyme solutions of 40 mg/mL. Protein impurities added intentionally: (a) 0.01-0.1 wt % F-lysozyme, (b) 0.05-1.0 wt % dimer, (c) 0.1-1.0 wt % 18 kDa, and (d) 0.5 wt % dimer and 1.0 wt % 18 kDa. In (d), the results of Seikagaku lysozyme (98.5% purity) solutions of 40 mg/mL were also plotted. C is a solute concentration and C e is the solubility. Other growth conditions: 25 mg/mL NaCl, in 50 mM sodium acetate (pH 4.5), at 18.0-26.0°C.
errors of R in this supersaturation range. Then R starts decreasing in the supersaturation range of 12-17 mg/mL. On the other hand, the R vs supersaturation plots of dimer and 18 kDa ( Figure  4b ,c) exhibit a concave shape, and R decreases with increasing supersaturation. In addition, the R values of 18 kDa are remarkably larger than those of F-lysozyme and dimer all through the supersaturation range. In the case of Seikagaku lysozyme (Figure 4d ), the R vs supersaturation plot shows a more complex shape: a significant shoulder is observed around a supersaturation of C-C e ≈ 18 mg/mL. Furthermore, the solution containing 0.5% dimer and 1.0% 18 kDa with 99.99% purity lysozyme could not reproduce the plot of Seikagaku lysozyme. For the same impurity the shape of R vs supersaturation plots does not change regardless of the impurity concentration.
Adsorption Sites of Protein Impurities.
To clarify the cause of the different dependencies of the ratio R on supersaturation shown in Figure 4 , we tried to observe the adsorption sites of fluorescent-labeled protein impurities on the crystal surface by single-molecule visualization of the thin-solutionlayer type. 31, 32 Figure 5a shows a typical single-molecule image: one bright dot corresponds, in principle, to one F-lysozyme molecule adsorbed on the crystal surface. Since the concentration of F-lysozyme was very dilute (0.1 nM), the overlapping of diffusing F-lysozyme molecules on a crystal surface was avoided. 31 However, once an F-lysozyme molecule was adsorbed (fixed) on a step, overlapping of fluorescence spots could potentially occur, because we cannot distinguish between two adsorbed molecules whose intermolecular distance is shorter than the resolution limit in lateral directions (in our case: 0.24 µm). This overlapping could cause fluorescent dots with different intensities. Since the diffusion of F-lysozyme on a crystal surface was 4-5 orders of magnitude slower than that in a bulk solution, 31 we could visualize all F-lysozyme molecules appearing on a crystal surface. The image shown in Figure 5a was taken 2 h after F-lysozyme was introduced in the observation cell. During this period adsorption of F-lysozyme on a crystal surface proceeded, and then in Figure 5a most of F-lysozyme molecules (>95%) visualized were fixed on the crystal surface. Figure 5b represents the same field of view observed by LCM-DIM, showing bunched steps (arrows) on the crystal surface. The comparison between these images clearly demonstrates the preferential adsorption of F-lysozyme on steps. Since the molecular weight of the fluorescent label is smaller than 3% of that of F-lysozyme, 5 almost the entire molecular surface of F-lysozyme is the same as that of native lysozyme. Hence, F-lysozyme molecules preferentially adsorb on steps on the crystal surface as solute (native lysozyme) molecules, and are incorporated into a crystal at steps (more precisely, kinks on steps). With respect to the adsorption of F-lysozyme on the {110} faces of the tetragonal lysozyme crystals our results were recently confirmed by Dai and co-workers. 32 In the case of dimer, Nakada and co-workers revealed, by in situ AFM observation, that dimer molecules adsorb randomly on terraces of {101} faces of tetragonal lysozyme crystals. 9 However, for {110} faces, no one has ever clarified the adsorption sites. To determine the adsorption sites of dimer on the {110} face, we used F-dimer, since almost the complete molecular surface of F-dimer is expected to be the same as that of native dimer. Iimura and co-workers 52 prepared dimer modified with a fluorescent label different from the one used in this study. They reported that incorporation rates of dimer and their F-dimer into a tetragonal lysozyme crystal do not differ. Hence, in this study it is reasonable to assume that the labeling of dimer molecules has no significant influence on the incorporation process. Figure 6a shows a typical single-molecule image: one bright dot corresponds, in principle, to one F-dimer molecule adsorbed on the crystal surface, although overlapping of F-dimer molecules could potentially occur as discussed in the case of F-lysozyme. Figure 6b indicates the same field of view observed by LCM-DIM. The arrows show the positions of bunched steps on the crystal surface, and an arrowhead indicates the position of an elementary step. The comparison between Figure 6 , panels a and b clearly indicates that F-dimer molecules adsorb randomly on terraces of the {110} face, in contrast to the case of F-lysozyme.
Since dimer is composed of two covalently bonded lysozyme molecules, 40 the bonding site between two monomeric lysozyme molecules and their orientation inside a dimer molecule differ from those between two neighboring lysozyme molecules in a crystal. 53 Hence, a dimer molecule cannot be easily fitted into a kink site, at which a dimer molecule would suffer large steric hindrance and unfavorable bonding with the surroundings. In contrast, a terrace is spatially much more open than a kink site. Hence, a dimer molecule on a terrace would have a larger possibility to find a certain adsorption site, at which more favorable bonding can be formed than in the case of a dimer molecule at a kink site. The results shown in Figures 5 and 6 experimentally demonstrate, for the first time, that a microheterogeneous protein impurity molecule whose intermolecular bonding to the crystal surface is close to that of a solute molecule will preferentially adsorb on a step (i.e., kink), and that a microheterogeneous protein impurity molecule whose intermolecular bonding differs from that of a solute molecule will preferentially adsorb on different sites of the crystal surface.
Adsorption Sites and Supersaturation Dependencies of
Step Velocities. From the difference in the adsorption sites of F-lysozyme and F-dimer on the {110} faces of tetragonal lysozyme crystals, we attempted to explain the different dependencies of the ratio R on supersaturation shown in Figure  4 . Impurity models can be essentially divided into two groups. (I) Impurity molecules adsorbing at kink sites leading to kink blocking, which was first proposed by Bliznakov, 54 and presented more extensively by Chernov. 42 (II) Impurity molecules adsorbing on terraces (or steps) leading to step pinning, which was first described in the pioneer work of Cabrera and Vermileya. 55 A more exhaustive overview of impurity models can be found in the work of Sangwal. 56 We tried to explain our observations taking into account these two impurity models.
For F-lysozyme, steps (more precisely kinks on steps) are the major adsorption sites on the {110} face. The movement of a growth ledge (i.e., step) is ensured simultaneously by different rates of attachment of growth entities at incorporation sites (kinks) occupied and unoccupied with impurities. 57 Under a low supersaturation range, F-lysozyme molecules have enough time for adsorption because of slow advancement of steps. Hence, in this supersaturation range, it is reasonable to assume that the adsorption and desorption of F-lysozyme molecules on a step (i.e., kinks) reach equilibrium: that is, the ratio of a number of occupied kinks by impurity to a total number of kinks on a step becomes constant irrespective of supersaturation, 58 as schematically shown in Figure 7a . Considering the high kink density in the 〈110〉 direction, the step kinetic coefficient can be assumed to be proportional to the kink density: 42 where a is the size of an attaching species in a lattice, ν is the frequency of thermal vibrations of a molecule in a crystal and a solution, λ 0 is the average distance between kinks, and E is the activation potential barrier for a solute molecule to be incorporated into a kink. Now, if an impurity, which poisons kinks, is present in a solution the kinetic coefficient is assumed to be proportional to the density of free kinks: 42 where C imp is the impurity concentration and λ i the average distance between free kinks. Taking into account eq 1, it becomes clear that at a fixed impurity concentration a decrease in the kinetic coefficient will lead to a linear decrease in the step velocity. 42 Under a low supersaturation range, since the ratio of a number of occupied kinks by impurity to a total number of kinks on a step is constant (i.e., equilibrium adsorption), the V vs C-C e 
plot follows a line (named "impure" in Figure 7b ) with a constant slope, whose kinetic coefficient is smaller than in the case of a pure sample. With increasing supersaturation, the increase in step velocity decreases the exposure time of adsorption sites to impurities in a solution, 58 and this tends to decrease the impurity effects (i.e., less kink sites are blocked by impurity molecules). Hence, in a middle supersaturation range, with increasing supersaturation the ratio of the number of occupied kinks by impurity to the total number of kinks on a step decreases and finally reaches zero under a high supersaturation range (Figure 7a) . Therefore, under a high supersaturation range, V vs C-C e plot follows the line that is observed in the case of pure sample (named "pure" in Figure 7b ). Under a middle supersaturation range, the transition of the V vs C-C e plot from the impure line to the pure one is observed. According to such a picture, the phenomena that we observed can be explained as follows (Figure 7c ): under a low supersaturation range the degree of impurity effect (the ratio R) remains constant with increasing supersaturation, and in the middle and high supersaturation ranges R decreases with increasing supersaturation.
So far we did not find any experimental evidence for pinning of step advancement by F-lysozyme adsorbed at kinks. As discussed in the above paragraphs, we explained the supersaturation dependency of R without taking into account the pinning of step advancement. Since most of the molecular surface of F-lysozyme is the same as that of native lysozyme, we suppose that F-lysozyme adsorbed at kinks would not show significant pinning of steps. To clarify this issue, we have to simultaneously observe the adsorption process of individual F-lysozyme molecules on a step and the subsequent response of a step. We are planning to do such type of observation in the near future.
In the case of dimer, terraces are the major adsorption sites on the {110} faces, as shown in Figure 6 . Thus, to describe the impurity effects of dimer on step advancement, we follow the step pinning model 55 which analyzes the impurity effect by comparing the critical curvature of a step to the average spacing of adsorbed impurities.
Under a low supersaturation range, dimer would show equilibrium adsorption on a terrace, as schematically shown in Figure 8a . In Figure 4b , we did not observe a plateau under a low supersaturation range, where R remained constant. This result can be satisfactorily explained by taking into account the supersaturation dependency of the radius of a critical nucleus. Assuming a circular 2D nucleus with a double layer, 11 its critical radius F crit can be expressed as where ∆µ is the chemical potential difference between molecules in a crystal and a solution, s is the area one molecule occupies inside a nucleus, and κ is the ledge free energy of a 2D cluster. Hence, with increasing supersaturation F crit decreases, as schematically shown in Figure 8b . On the other hand, distance d between adjacent dimer molecules adsorbed on a terrace can be expressed as where N 2D is the number of dimer molecules adsorbed per unit area. When d < 2F crit steps stop advancing (supersaturation range I in Figure 8b ): in this region R cannot be defined. However, in the supersaturation range II (Figure 8b ) where still equilibrium adsorption of dimer exists, with increasing supersaturation a decrease in F crit results in a decrease of the impurity effect (i.e., R). In the supersaturation range III, the decrease in F crit and the increase in d decrease the impurity effect with increasing supersaturation. The supersaturation range observed in Figure  4b would correspond to ranges II and III in Figure 8c .
For 18 kDa, we observed a very similar dependency of R on supersaturation to that observed for dimer (Figure 4b,c) . Taking into account that the intermolecular bonding between 18 kDa and a crystal surface is different from that in the case of a native lysozyme molecule, it seems reasonable to assume that 18 kDa also adsorbs randomly on terraces as in the case of dimer.
The impurity effects observed for Seikagaku lysozyme were more complex (Figure 4d ), and could not be reproduced by the solution containing 0.5 wt % dimer and 1.0 wt % 18 kDa, although these two are the main impurities included in Seikagaku lysozyme. 40 This result indicates that trace amounts of other impure molecules present in Seikagaku lysozyme play a significant role: one possibility is a 39 kDa polypeptide, 40 and another, less likely possible, is the presence of two very large lysozyme oligomers (1700 kDa and 320 kDa). 7 Recent progress in advanced optical microscopy enabled us to observe in situ elementary growth steps and individual protein molecules in the same field of view. Such molecular level in situ observations provided the first direct evidence that adsorption sites of impurities play an important role in impurity effects. The techniques used in this study can be a promising means to obtain comprehensive understanding on mechanisms of impurity effects on macromolecule crystallization. Although the explanations in this study are still qualitative, a quantitative model will be presented in the near future.
Conclusions
We studied the effects of protein impurities (F-lysozyme, dimer, 18 kDa, and impurities present in Seikagaku lysozyme) on the step velocity of elementary 2D islands on the {110} F crit ) sκ/(2∆µ) (4)
faces of tetragonal lysozyme crystals under various supersaturations and impurity concentrations utilizing LCM-DIM. We also observed in situ individual molecules of F-lysozyme and F-dimer adsorbed on the {110} faces. From these direct and noninvasive in situ observations we found the following key results:
(1) Different protein impurities exhibited different dependencies of the suppression of the step velocities on supersaturation. The R vs supersaturation plots of F-lysozyme showed first a plateau at low supersaturation and then a decrease at higher supersaturations, whereas the plots of dimer and 18 kDa presented a concave shape. The impurity effect of 18 kDa was significantly stronger than that of dimer, although so far much less attention was paid to 18 kDa. The R vs supersaturation plots of Seikagaku lysozyme exhibited a complex shape, which could not be reproduced by 99.99% purity lysozyme and two major impurities (dimer and 18 kDa), suggesting that trace amounts of impurities (<0.01%) in Seikagaku lysozyme play a crucial role.
(2) Single-molecule visualization and LCM-DIM observations of the same field of view revealed that F-lysozyme adsorbed preferentially on steps, whereas F-dimer adsorbed randomly on terraces. This indicates that microheterogeneous impurity molecules whose intermolecular bonding with a crystal surface is close to that of solute molecules adsorb preferentially on steps (i.e., kinks), and that microheterogeneous impurity molecules whose intermolecular bonding differs from that of solute molecules adsorb on different sites of a crystal surface.
(3) We could successfully explain the R vs supersaturation plots of F-lysozyme and dimer, using different adsorption sites of these protein impurities on the crystal surface and taking into account the kink blocking and step pinning impurity models.
(4) The R vs supersaturation plots of 18 kDa similar to those of dimer suggest that 18 kDa molecules also adsorb randomly on terraces.
